Th e National Bureau of Standards the rm a l-rad iation standards, as established and maintained since 1913, are based prim a ril y upon t he emission of a blackbody, using the Stefan-Bo ltzmann consta nt of total radiation u = 5. 70 X 10-12 watt/ ( cm2 deg·) .
Introduction
A conveni en t standard of th ermal radiation was early recognized as an important requirement in scientific laboratories engaged in research es involving the usc of radiant energy. Toward this end su ch a standard was set up at the Bureau by W. W. Coblentz four decades ago [1, 2] l This standard continues to be used for all radiometric work, not only in this country but throughout mu ch of th e scientific world .
The choice of a carbon-filament lamp for this standard was a wise one. This type of lamp was in general usc for illuminating purposes in this country during the early years of th e present cen tury. No other type has been found to eq ual the carbon-filament lamp in ruggedn ess and stability, although many styles and types of lamps have been develop ed by industry through the years. A study was made both of lamps under carefully controlled laboratory conditions [3] and of a number of lamps re turned after years of service in various laboratories. This study established that these standards retain their original calibration with no significant change for more than 200 hours if not mechanically or electrically abused. A supply of th ese lamps acquired by the Bureau in ' Vorld War I days has been extremely useful in the preparation of standards for use in many governm ental and other scientific laboratories. They are preferred to some of the more r ecently manufactur'ed carbon-filament lamps.
This standard [1 , 2, 3] is based upon the radiation from a blackbody operated in th e range of temperatures between about 1,000° and 1,150° C. For the original calibration i t was assumed that the StefanBoltzmann constant of total radiation was 0' = 5.70 X 10-12 watt/ (cm 2 deg 4 ). Auxiliary measurements made directly, using an absolute th ermopile [2] , wherein electric-energy dissipation provided the 1 FigW'es in brackets indi cate the li terature references at tbe end of this paper.
basis of the calibration showed no systematic differ ences from those with the blackbody. Other m eas mements with a no cturnal-radiation instrument constru cted for the United States Weat, h er Bureau likewise showed agreement wi th th e original blackbody cali bra tions.
Present Status of the Radia hon Constants
The fundam ental law of the blackbody, the StefanBoltzmann law, relates the total radiant flux , lV, from a unit area of a blackbody to the absolute temperature by the relationship The precise value of the Stefan-Bol tzmann constant of total radiation is based mainly upon factors associated with atomic structure according to the relationship where c= th e velocity of light in cm /sec; h = Planck's constant of action in erg sec; c2= the second radiation constant in cm deg K; O' = the Stefan-Boltzmann constant in w/ (cm 2 deg 4 K ).
In the r ecently publish ed least-squares summaries of fundamental constants [4, 5] , the value given for c is 2.99793 X I0 10 cm/sec, h is 6.6252 X I0-27 erg sec, C2 is 1.4388 cm deg, and 0' is 5.6686 X I0-12 w/ (cm 2 deg 4 K ). H ence as a result of recent investigations the value of 0' is placed approximately 0. 55 percent lower th an that employed in 1914.2 This difference, however, is n ear th e level of the experimental errol' assessed in the original calibration. B ecause m easurements with an absolute thermopile, in which only electrical constants entered, were in precise agr eement with the blackbody determinations [1, 2] , if any correction to the data were made at this time it probably should be based on a m ean value between the two , namely, of an order of less than 0.3 percent. Taking into account the level of precision normally obtainable in radiometric work, it must b e concluded that no correction to the original data is warranted at this time b ecause of new information and changes in t he value of the velocity of light or of the o t~er atomic constants entering into radiant-energy emlSsion.
Effect of Humidity
A knowledge of the precise radiant-energy output of these standards und er conditions of variable humidity has recently been desired in a number of laboratories. Although it was pointed out by Coblentz [1] in 1914 that the radiation transmitted by th e glass bulb of these lamps was confined principally to wavelengths less than 3.5 microns, and would therefore b e affected but little by variations in atmospheric humidity and hence no correction for water-vapor absorption would b e n ecessar y, n eYertheless, questions have arisen from time to tiIl'.e regarding the magnitude of this absorption. This possibly results from th e fact that a numb er of water-vapor absorption bands are present in the near infrared spectral region. The present investigation was undertaken, therefore, t o ascertain the amount of the attenuation of the radiant flux from the NBS standards of thermal radiation to see if anv correction should b e applied to the data. "
Instruments and Method
As it was known that any humidity effect upon the calibration of the NBS standards of thermal radiation must be small, as indicated above, special preca ution s wer e taken in setting up an experiment to measure precisely the radiant energy from a group of lamps as a function of atmospheric humidi ty in a manner little affected either by temperature changes, or air currents within the laboratory, or b y stray ligh t from th e sun or other sources. Toward this end a plywood box, approximately 24 by 36 by 120 in. painted a dull black inside and 11 tted with a sui table arrangement of diaphragms, was set up to house the 2-m op tical pa th between the standard lamp and the th ermopile. The box was arranged with a suitable window through which a self-recording hydro thermograph could b e viewed without disturbing the humidity or temperature conditions wi thin the box. Motor-driven fans were employed to stir the air within the box from til1'e to tiIl'.e to insure r elatively cons tan t temperature and humidi t.v condi tions throughout.
D esir ed changes in humidity were accomplished partly by working at .d~fferen~ seasons when different outside weather condltlOns eXlsted. Thus the lowes t humidities were obtained ~n clear, cold days during th e winter, with outside air b eing brough.t into th e box through a fil ter-trap, which was further cooled by dry icc . Additional absorption of water vapor within the b ox was accomplished by the use of P 20 5 and other commer cial driers. The highest humidities were obtained during the slimmer season b y additional h eating of the enclosu r e with electric coils and by adding live steam.
In the tests each lamp w as subj ected to a complete series of measurements without tou ching its adjustment in th e sockeG, b ecause i t had been found that a significan t error is sometimes attributable to a sligh t misalinement of the source rela tive to th e thermopile.
In this work the standards were set up according to the gen eral instructions applicable to their use. A special Lindeck type poten t iometer [6] having a sensit ivity of 0.005 to 0.5 fJ-V p er scale division, when llsed with a high-grade microarnmeter (ranges 0 to 50 fJ-a and higher), was employed for measuring th e lamp outpu t. Thus the scale readings of microamperes corresponded directly to microvolts. This instrument, whose essential circuit clemen ts are shown in figure 1 , was employed in preference to th e direct use of a galvanometer to avoid errors resulting from changes in circuit resistance and galvanomet.er sE'nsitivity.
.2. Results
l\i[easurements were made on fi ve lamps over a wide r ange in humidi ty. For each measurement the temperature and relative humidity were recorded. Then from the curves of figure 4, which ,vas prepared from the Smithsonian meteorological tables [7] giving the density of water vapor at saturation as a function of temperat ure, th e am.ount of precipitable water (the absolu te humidity of the atmosphere) was determin ed in grams per cubic m eter. The summer m easuremen ts on two lamps covering a humidity range of about 10 to 26 g of water per cubic meter are shown in figure 2 , wher eas the winter 
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Summer measurements a t lJigh humidities. using thermopile 2028. of th e origlllal data should b e made on ~he basIs of tha t humidity. The data lll~s~r~ted In fig-ure 4 indicate that the range in hUDudltlCs ordmanly en- 3 'rhe distance at which the original siand ard lamps were calibrated, na mely, 20 Tn was n ot t be sa me as tbat used for the calibration of tbe detectors by t he b·lackbody. The latter' di sta nce varied from a bout 40 to 70 em. and the arr pa th was thoroughl y dried by tbe use of P , O,. countered in laboratories in this country will seldom exceed a change of m.ore than 5 glm 3 from the basic val ue of 10 g on which th e original measllrements were made. As a difl'er ence of 5 g/m 3 in humidity corresponds to a change in radiant energy of only 0.085 percent, no considera tion Deed be taken of normal atmospheric humidities in the use of Lhese standards in ordinary radiometric work.
A word of cau tion should be given at this point, however . Although no co rrection need be made for humidity in the use of th ese standard s, the worker is often con ce rned with the measurement of radiant energy from SOll1'CeS rich in short ultraviolet or long infrared rays. In th e Jormer case, although water vapor may not be troll blesome, tran srnis ion factors of radiometric w· indows require careful attention. In the infrared, especially at wavelengths longer tha n 4 ,000 mJ..t, the absorp tion of water vapor, COl , and other gases [8 , 11] , as well as the transmittance of window material [12] and the sp ectral efficiency of radiometer detecting surfac es [13] , must be taken into account.
. Operation of the Standards
As noted above, the carbon-filament lamp is employed as a standard because of its proved stability [14] . Calibration and operation at voltages (and currents) below the normal rated value add mu ch to its life and general stability. Propel' handling and care, further insure its reliability.
In operations wherein a galvanometer is employed directly, extraneous currents may be kept balanced by the use of an auxiliary control current from a special battery-operated shunt arrangement [15] to improve accuracy and linearity of the response (gal vanome tel' def! ection) . \iVhere a po ten tiome tel' setup can be employed, slightly higher accuracy may b e obtained. The use of a light modulator and lowimpedance tuned a-c amplifier may b e found to give sufficiently accurate results and is to be hi ghly recommended where noisy conditions prevail or where
The lamps employed (rated at about 50 w) are first seasoned, th en marked for orientation (because th e radia tion is not the same in all directions), and then calibrated for th e density of radiant flux at a fixed distance (usually 2 m) in the specified direction.
In operation, the lamp is screwed into an ordinary metal socket that is h eld upright by som e convenient support, which cannot reflect light into the radiometer. The entire lamp bulb is to be exposed to the radiometer. Sufficient time must be given (say 5 min) for the glass base, which supports the filament, to become thoroughly warmed, otherwise errors will be introduced in to th e radiant-energy measurements The distance of the lamp is measured from the radiometer to th e center (glass tip if present, the etch ed mark, or other special mark noted in the NBS report on a particular standard lamp) of the lamp bulb.
A black cloth, about 1 m 2 , should be placed about 1 m to the rear of the lamp. An opaque shield about 1 by 1 m , having an opening about 10 em wide and 15 cm high, is placed at a distance of about 25 cm in front of the lamp . To screen this opening, a shutter, about 20 by 20 cm , is placed between this shield and the lamp. Facing the opening in the shield, th e radiometer is placed at a distance of 2 m from the lamp. The shield and shutter may be made of air-separated sh eets of cardbo ard, asbestos board, metal, or other suitable materials.
Before the lamp is lighted, the shutter should be opened and closed to determine th e alnount of stray t hermal radiation falling upon the radiometer. This test may be applied at any time, provided the lamp has been given sufficien t time to come to room temperature. The wall and screen to the rear of the lamp may be cooler than the shutter, which will cause a negative deflection. The correction to the observed lamp deflection is, in that case, positive. It is desirable to make the calibration in a dimly lighted room to avoid errors from sunli ght that is continually varying with cloudiness, thus varying stray radiant energy within th e room as well as the temperature of the walls, and also causing air currents near the radiometer.
The measurement of th e current through the lamp is, of course, sufficient to determine the radiant flux, the voltage being useful mainly to determine whether the lamp has remained constant.
To conserve the calibration, which gradually ch anges with use, these lamps should be kept as reference standards only, and other lamps used as working standards in all cases where extensive radiometric comparisons are made.
These instructions and standards of radiation apply to radiometers used in air. If a window is used on the radiomet er, for example, as in a vacuum radiometer, then a correction has to be made for the radiant flux absorbed by the window [16 , 17] , for the particular lamp used as a standard, and for the source measured. This absorption is a function of the temperature of the lamp filament . For exa mple, it was found that for a glass or quartz window about 1.5 mm in thickness, t h e transmission amounted to about 83 percent when a certain standard lamp was operated on 0.35 amp, and increased to 84 percent when the lamp was operated on 0.40 amp. Using a fluorite (CaF2) window, the transmission is higher (about 91.5 percent) and varies somewhat less with the current ordinarily used in the lamp. For example, u sing a certain standard lamp, the transmission through a fluorite window varied from 91.0 percent on 0.25 amp to 92 percent on 0.4 amp, with an average value of 9l.6 percent on 0.35 amp.
The transmission of the window varies also with the spectral quality of the radiant flux emitted by the source under investigation. This must also be taken into consideration.
The thermal-radiation sensitivity of a surface thermopile varies with the degree of evacuation; when highly evacua ted this sensitivity may be several times as great as in air. Because at low air pressures the sensitivity is variable with the pressure, great care must be taken to test the sensitivity of the thermopile under the exact conditions existing during its use.
The identical area of the radiometer receiver should be exposed to the stan dard of radiation as is used in the measuremcnts of the unknown source.
Example of a Thermopile Calibration
The thermopile was exposed, at 2 m , to the standard of radiation that was operated on 0.350 amp, under which conditions the radiant flux: was 84.9 X 10-6 w/cm 2 or 20.3 X lO -6 g cal/cm 2 /sec. As the thermopile was covered with a fluorite window, only 91.6 percent was transmitted, or 0.916 X 84.9 X 10-6 = 77.8 X lO-6 w /cm 2 . Under these conditions, the galvanometer gave a scale deflection of 3.15 cm. H ence, a deflection of 1 cm indicated that 77 .8 X 10-6 +3.15 = 24.7 X 10-6 w /cm 2 was incident on the thermopile element.
S uppose that the radiant flux of a SOUTce rich in infrared rays is being measured, in which the fluorite window transmits only 80 percent of the total. Under t his condition, a deflection of 1 em indicated 24.7 X 10-6 + O.80 = 30.9 X 10-6 "v/cm 2 was incident on· the thermopile window.
If t he radiometer window is of quartz, then the spectral correction for losses by reflection is about 8.5 percen t for all wavelengths from the ultraviolet to 2 M in the infrared, where absorp tion begins.
Owing to the large h ea t capacity of the filament there is no appreciable difference in the radiation emitted by this type of lamp on 60-cps a-c and on d-c generators. The use of lower frequencies is questionable. In order to maintain a constant voltage it is preferable to use a storage battery. However, by the use of a small-voltage regulator and a small-variable-voltage transformer, satisfactory voltage and current control may be obtained on standard llO v, 60-cps circuits.
